The charge distributions of solvent exposed surfaces of complex biomolecules such has proteins are unique fingerprints. The chirality of these charge distributions result in stereo-specific electrostatic interactions which help define how proteins interact with each other, contributing to specificity in protein -protein interactions. Thus it is a key concept in understanding chemical processes in biology.
New Concepts
The spectroscopic signatures of biomaterials are governed by the 3-D structure they adopt, rather than the constituent molecular components. The profound implications of this are that biomaterials with the same structure, for example different mutations of the coat protein of a pathogenic virus, cannot be rapidly screened with a simple spectroscopic measurement. If possible such a measurement would shorten the time it takes for establishing the advent of new pathogenic virus strains. We show a new paradigm based on the use of chiral plasmonic nanostructures, it enables rapid spectroscopic discrimination between structurally identical, homologous, proteins. The phenomenon is based on the ability of a chiral plasmonic particle to detect variations in chiral surface charge distributions of proteins caused by differing amino acid compositions. The new piece of science which underpins this concept is that the optical properties of a plasmonic nanostructure are perturbed by the static molecular chiral charge distributions. This concept differs from established electromagnetic models which are used to rationalise how chiral molecular materials perturb the optical properties of plasmonic nanostructures. The novel observation reported as broad impact, it presages new array based technologies with applications in proteomics and medical diagnostics.
The ionisable amino acid residues at protein surfaces results in a stereo-specific charge distribution that directs how proteins interact with the surrounding environment. 1,2 Established spectroscopic techniques (e.g. UV-visible absorbance, fluorescence, circular dichroism (CD)) are insensitive to this chiral surface charge distributions. 3 Accordingly, available experimental information is limited; but if the primary sequence and structure of a protein are both known, then surface charge distributions can be modelled. 4 The insensitivity of conventional spectroscopy to electrostatic properties arises because chromophores / electronic transitions of the amino acids are not significantly perturbed by the ionisation state of the side chains. Hence, changes in surface charge distributions do not give rise to a definitive spectral fingerprint.
The hypothesis which we propose and test in this study is that the chiroptical properties of chiral plasmonic structures are altered by the chiral charge distributions of adsorbed biomacromolecules.
The changes induced are asymmetric for left and right handed plasmonic structures and reflect the chirality and sign of the biomolecular charge distribution. The foundation for this hypothesis is the concept that a mirror image chiral charge distribution is induced in the surface region of the Au chiral nanostructure by the biomacromolecule. The premise of the current concept is that the chiral mirror charge distribution acts as a perturbation on the optical activity of the intrinsically chiral nanostructure. This results in a change in the level of optical activity displayed by the protein-chiral plasmonic nanostructure complex, which is correlated to the chiral surface charge distribution of the protein.
Chiral plasmonic systems have already been demonstrated to provide ultrasensitive: enantiomeric detection, 5,6 secondary structure characterisation; 7, 8 and detecting levels of structural order in biolayers. 8, 9 These reported observations have been rationalised in terms of the interaction of chiral near fields with adsorbed biomaterials. The chiral near fields have a greater chiral asymmetry than equivalent circularly polarised light, a property referred to as superchirality. This study describes a new chiral plasmonic phenomenon, the perturbation of chiral plasmonic properties by static chiral charge distributions, which offers information previously inaccessible with other techniques. The exemplar protein system we have chosen is the enzyme type II dehydroquinase (DHQase), the third enzyme in the Shikimate pathway. 10 DHQase enzymes are typically 150 amino acids in length, easily produced, have high stability both thermally and to extremes of pH. 11 Hence, by varying solution pH, surface charge distributions can be manipulated in a systematic and controllable manner without distorting the structure. DHQases have a dodecamer quaternary structure (diameter ~10nm), point group T, which can be described as a tetramer of trimers. This limits significantly the orientations the molecule can adopt of the surface, linked via the N-terminal histidine tag. The highly symmetric nature of the DHQase, Figure 1 (b), results in an isotropic chiral response. This reduces asymmetries in the chiroptical response of the protein-chiral plasmonic nanostructure complex due to orientation effects. 8, 9 Finally sequence-diverse over-expression clones of DHQases were available to us. 11
Results
This study utilises Au metafilms templated on to nanostructured polycarbonate substrates. The metafilms are ~100 nm thick and consist of "Shuriken" shaped indentations, Figure 1 , with either left (LH) or right-handed (RH) six-fold rotational symmetry arranged in a square lattice. For brevity these substrates are referred to as "template plasmonic substrates" (TPS). [11] [12] [13] [14] The nanoscopic indentations in the surface polycarbonate substrate have a depth of ~80 nm, are 500 nm in diameter from arm to arm, and have a pitch of 700 nm. The optical properties of the shuriken nanostructures have been described in detail elsewhere. 12 Initially, a series of eight recombinant N-terminal histidine tagged (His-tagged) type II dehydroquinase (DHQase) proteins (table 1) sharing on average ~50% amino acid sequence identity were immobilized on the gold surface of the TPS using an established methodology. [14] [15] [16] [17] [18] Briefly, a self-assembled monolayer (SAM) of a thiol with a nitrilotriacetic acid (NTA) head group and triethylene glycol mono-11-mercaptoundecyl (EG-thiol) are formed on the Au surface. The His-tagged DHQs bind to the NTA head groups and the EG-thiol prevents non-specific interactions with the surrounding surface. 9 This strategy both immobilises DHQ in a well-defined orientation and minimises potential distortions of the higher order structure.
In this study we monitored asymmetries induced by the immobilised proteins in reflectance and optical rotatory dispersion (ORD) spectra collected from LH and RH structures (see Methods). The asymmetries in ORD are parameterised using a factor, A, derived from the relative changes in the peak to peak height of the bisignate line shape. Changes in the reflectance spectra are parameterised by a factor () which is derived from fitting the plasmonic induced reflectivity line shape, that is characteristic of the shuriken structure (see supplementary information for details). 19 The results show (table 1) that asymmetry parameters A and φ measured for the different DHQases are different and show a spread of values, for the φ values both +ve and -ve values are obtained.
Given that all these proteins are structurally highly similar but diverse in amino acid sequence, this result is initially surprising. The DHQase proteins that are most sequence similar e.g. the pairs DHQ5 and DHQ36 (~90% sequence identity) and DHQ12 and DHQ33 (~60% sequence identity) do not show more similar results than pairs that are most distant e.g DHQ 15 and DHQ 27 (~40% sequence identity). It is clear that neither traditional sequence similarity nor related structural similarity can account for the measurements seen, therefore local chiral charge distributions were considered as a potential factor. It is easy to test this hypothesis, as pH will influence the chiral charge distribution systematically in a reversible way. We focused on two proteins DHQ15 (from Propionibacterium acnes) and DHQ38 (from Zymomonas mobilis) with calculated isoelectric points of 6.24 and 7.26
respectively. DHQ15 and DHQ38 have a 43% identical amino acid sequence over 145 amino acid residues (supplementary information), with essentially the same secondary, tertiary and quaternary structure. This was confirmed by determining the X-ray structures of the two proteins (Methods, citric acid BIS-TRIS propane buffer was used to consistently buffer over this wide pH range. The stability of DHQ15 and DHQ38 in solution over a pH range of 5 -9 was confirmed using CD, the spectra are shown in Figure 3 . The far-UV region CD spectra display no significant changes, which is consistent with the secondary structure of the protein remaining intact (i.e. they do denature). 21 Near UV CD spectra (see supplementary information), which is sensitive to higher order structure (tertiary) does not display dramatic changes that would be consistent with a significant change in high order structure. We assign any slight variations with pH in the far UV CD spectra to changes in aggregation state, since pH 7 is close to the isoelectric point of the DHQs. Consequently, the CD data provides strong evidence that over the pH range used there is no change in the higher order structure of DHQ 22 which could affect the reflectance and ORD measurements.
ORD ( Figure 4 ) and reflectance ( Figure 5 ) spectra for the buffer references and these two DHQases were measured at pH 5.0, 7.5 and 9.0, for both LH and RH structures. Simulated fits for the reflectance spectra from which  parameters are derived are shown in Figure 6 . The data clearly shows (table at the three pH values studied. The 20 amino acid N-terminal histidine tag is omitted from the model and calculations as this has been shown not to adopt an ordered structure in most structures. Charges were modelled as described in Methods. Figure 2 shows a unique chiral electrostatic potential is apparent at the protein surface we believe to interact strongly at the metal surface. This changes significantly from positive to negative as the pH is switched from below to above the isoelectric points of the proteins. This electrostatic potential is an approximate model as the actual pKa values of the individual residues have not been determined for the two model proteins and any surface induced effects cannot be modelled. An important aspect of the charge distribution is that they all display an inherent left handed (or anticlockwise) sense, which is illustrated in figure 2 .
These observed pH induced asymmetries cannot be reconciled with previously proposed models of how chiral molecular layers can influence the (chir)optical response of chiral plasmonic structures. 23 Electromagnetic simulations which have replicated previous reported phenomena are based on the implementation of following constitutive relationships: 9, 24 (1) = +
(2) = 0 + Here, is the permittivity of free space, is the relative permittivity, is the permeability of free 0 space, is the relative permeability, is the complex electric field, is the complex magnetic flux density, is the magnetic field and is the electric displacement field. The chiral asymmetry parameter is a second rank tensor describing the chiral property of a medium which is zero for achiral materials. The magnitude of the  tensor can be estimated using the general form given by:
For a molecular dielectric the parameters in equation 3 can be estimated from the quantum equation of motion of density matrix assuming a low density of molecules as described by Govorov et al. 23 Here is an intrinsic coefficient that determines the magnitude of chiral properties and ħ 0 and  are the energy and intrinsic width of the resonant chiral excitation of the molecule. Consequently, the value of at a particular wavelength is dependent on the chiroptical properties of the chiral material. Typical magnitudes of  for biomolecules fall in the range 10 -5 to 10 -4 . 6, 8, 9, 19 The clear implication of this model is that any change in the optical properties of the chiral plasmonic structure can only arise from a change in the CD response of the biomolecule.
However, we have shown that the CD spectra of DHQ15 and DHQ38 show no significant changes with pH, which means that neither the structure nor  values are changed. Thus pH induced changes in (chir)optical properties of the plasmonic structure occur even though the chiral molecular response of the protein remain unchanged. Hence, a parameter not considered in previous numerical modelling must be accounted for to rationalise the current observations.
We propose that an electrostatic interaction between the left handed surface charge distribution on To support this phenomenological description we have used numerical modelling to determine how a chiral perturbation of the near surface region of the Au effects chiroptical response. The observed dependency of the A parameter can be replicated if the a 10 nm thick layer (skin depth of Au) was assigned a  = 3x10 -3 + 3x10 -3 i (see Supplementary Information) . This level of chiral asymmetry is an order of magnitude larger than would be observed for molecules like proteins, but it is a realistic range.
So, the numerical simulations support the plausibility that an image charged induced chirally perturbed Au layer can produce the experimentally observed effects.
Conclusion
We present experimental data which clearly demonstrates that different (chir)optical responses can be observed for our model proteins which have essentially the same secondary, tertiary and quaternary structures. These responses do not map simply to primary amino acid sequence which is a measure of the structural similarity of the proteins, but rather to the surface charge distribution of the biomolecule and how this is complexed to the chiral plasmonic structure. This sensitivity to the biomolecular charge distribution is rationalised using a phenomenological model based on the induction of a chiral mirror image charge distribution within the skin depth of the metal. This in effect creates a "chiral gold" layer that perturbs the optical activity of the intrinsically chiral plasmonic structure. This phenomenon permits the changes in surface charge distributions, which are invisible to routine spectroscopic techniques, to be detected and therefore allows the discrimination of structurally homologous molecules that differ in their surface charge distribution. This is a valuable property to be able to detect spectroscopically as for example modifications to proteins within the cell such as phosphorylation 25 glycosylation 26 and methylation 27 to name a few, all can result in significant modifications to the surface charge of the molecules. These chemical modifications are related to various biological processes in both normal and disease states. 28 The phenomenon described in this paper provides a new fundamental way to probe the electrostatic properties of molecules whilst retaining the benefits of sensitivity and speed of using a plasmonic platform. 
Methods
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Nitrilotriacetic Acid (NTA) Functionalisation
The NTA-thiol/EG-thiol monolayer was deposited using a procedure similar to that described by Sigal et al. 15 Prior to thiol deposition the gold substrates are cleaned in an oxygen plasma cleaner for 1.5 minutes at 50W. The clean gold substrates are then placed into the thiol solution containing 0.1mM
NTA-thiol and 0.9mM EG-thiol, and bubbled with nitrogen gas for 5 minutes. After bubbling with nitrogen, the substrates are left in the thiol solution to incubate overnight (16-20 hours). The samples are removed from the thiol solution before being rinsed with 95% ethanol, and then incubated in 1 mM sodium hydroxide for 5 minutes. Finally, the samples are removed and rinsed with ~1 ml HBS (HEPES buffered saline, 10 mM HEPES and 150 mM NaCl in water at pH 7.2), and then ~5 ml of water before being dried under a stream of nitrogen. quality data were DHQ15 from 2M Ammonium sulphate, 0.2M sodium chloride, 0.1M TRIS pH8.5, and DHQ38 from 20% PEG4K, 0.2M Ammonium sulphate, 0.1M TRIS pH8.5. Data were collected on frozen crystals cryoprotected in well solution + 30% glycerol at station I04-1 at the Diamond Light Source and processed using the program autoPROC. 29 The DHQ15 and DHQ38 structures were solved using molecular replacement using PDB entires 3N7A and 1GTZ respectively and refined using refmac5 and model built using Coot. All programs used were part of the CCP4 program suit. 30 The statistics for the X-ray data and the refined structures are described in supplementary table S3.
Buffers for pH dependent measurements
Calculation of protein electrostatic potentials
The surface charge densities were calculated using the crystal structures of DHQ15 and DHQ38. The coordinates of the dodecamer were generated and all amino acid sidechains incorporated. The Nterminal histidine tag was omitted from the models as this is expected to be disordered and its effect should be consistent for both proteins. Models with calculated hydrogen positions and the partial charges were produced using PROPKA 3.0 31 software package (can find the ionisable group of the protein and predict their behaviour) for each of the pH environments considered. These models were then used to calculate surface charges using the open source Adaptative Poisson-Boltzmann Solver (APBS) electrostatic calculation program 32 . The surface charge densities were displayed on a molecular surface using the PYMOL visualization software.
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Open Table 2 : Asymmetry parameters and fitting parameters extracted from the ORD and the reflectance data for DHQ 15 and 38. The parameters are display for the three pHs.
